Mutations in neurofilament light (NF-L) have been linked to Charcot -Marie-Tooth disease type 2E (CMT2E) in humans. To provide insight into disease pathogenesis, we developed a novel line of CMT2E mice that constitutively express human NF-L (hNF-L) with a glutamic acid to lysine mutation at position 397 (hNF-L E397K ). This new line of mice developed signs consistent with CMT2E patients. Disease signs were first observed at 4 months in hNF-L E397K mice, and consisted of aberrant hind limb posture, digit deformities, reduced voluntary locomotor activity, reduced motor nerve conduction velocities (MNCVs) and muscle atrophy. Reduced voluntary locomotor activity and muscle pathology occurred without significant denervation, and hNF-L E397K mice showed relatively mild signs of nerve pathology. Nerve pathology in hNF-L E397K mice was characterized by ectopic accumulations of phosphorylated NFs in motor neuron cell bodies as early as 1 month. Moreover, NF organization was altered in motor and sensory roots, with small motor axons being most affected. Peak axonal diameter was reduced for small motor axons prior to and after the onset of overt phenotypes, whereas large motor axons were affected only after onset, which correlated with reduced MNCVs. Additionally, there was a small reduction in the number of sensory axons in symptomatic hNF-L E397K mice. hNF-L E397K mice are a novel line of CMT2E mice that recapitulate many of the overt phenotypes observed in CMT2E patients and hNF-L P22S mice. The cellular pathology observed in hNF-L E397K mice differed from that recently reported in hNF-L P22S mice, suggesting that overt CMT2E phenotypes may arise through different cellular mechanisms.
INTRODUCTION
Charcot -Marie -Tooth disease (CMT) is the most commonly inherited peripheral neuropathy (1, 2) . CMT neuropathies are grouped into four main types, CMT1-4, based on the specific genetic defect. Moreover, each type of CMT has several subtypes. CMT2E is a predominantly autosomal dominant subtype of CMT2. Until recently, the cause of CMT2E remained obscure. Genome-wide screening pinpointed the disease locus in a family of CMT2E patients to 8p21 within a 16 cM interval (3) . Sequencing revealed the first CMT2E mutation in the neurofilament light gene (nefl).
Subsequently, 14 additional missense, 2 deletion and 2 nonsense mutations in the NF-L gene have been linked to CMT2E (3 -11) .
Neurofilaments (NFs) are obligate heteropolymers of NF light (NF-L), medium (NF-M) and heavy (NF-H) proteins (12, 13) within mature peripheral nerves. Within the central nervous system, a-internexin also co-assembles with NFs to form the classic 10 nm filament (14) . NFs are intrinsic determinants of axonal volume within myelinated nerve segments. The mechanism by which NFs regulate axonal volume remains to be determined. However, loss of NF-L, by a spontaneous nonsense mutation in quail (15) or by targeted deletion † Present address: Department of Neurology, LRB 670Z, University of Massachusetts Medical School, 364 Plantation Street, Worcester, MA 01605, USA. * To whom correspondence should be addressed at: University of Missouri, 340C C.S. Bond Life Sciences Center, 1201 Rollins Road, Columbia, MO 65211, USA. Tel: +1 5738829712; Fax: +1 5738849395; Email: garciaml@missouri.edu in mouse (16) , resulted in axons with reduced diameters and slowed conduction velocities (17, 18) .
NF-L-linked CMT2E mutations are distributed throughout the functional domains of NF-L (Fig. 1A) . Co-expression of most NF-L mutants with wild-type NF-M or NF-H subunits, in cell lines, disrupted the NF cytoskeleton, resulting in the formation of aggregates within the cell body (19) (20) (21) . Moreover, expression of NF-L P8R and NF-L Q333P in primary neuronal cells acted in a dominant manner disrupting the endogenous NF network and reducing the transport of both NFs and mitochondria into axons (19) . Recently, an animal model of CMT2E was developed expressing an inducible hNF-L P22S transgene [human NF-L (hNF-L)] (22) . The mouse developed signs that are associated with clinical CMT, such as aberrant hind limb posture and motor deficits (22) . Analysis of hind limbs indicated that the muscles were hypertrophied with a significant reduction in the number of innervated fibers (22) . Interestingly, suppressing expression of the hNF-L P22S transgene, by providing doxycycline, rapidly reversed these phenotypes (22) .
We report the generation of a novel line of CMT2E mice expressing hNF-L in which there was a glutamic acid to lysine mutation at amino acid 397 (Fig. 1A , boxed mutation). As with the hNF-L P22S mice, this new line of mice developed phenotypes that are associated with CMT such as aberrant hind limb posture and digit deformities. However, there were important differences between the two lines of CMT2E mice. Consistent with the clinical presentation, muscles of hNF-L E397K mice were atrophied. Additionally, significant denervation of hind limb muscles of hNF-L E397K mice was not observed. The differences in cellular pathology between the two animal models may provide insights into the heterogeneity of CMT2E progression in humans.
RESULTS

Generation of hNF-L and hNF-L E397K mice
Eighteen mutations in hNF-L have been linked to CMT2E (Fig. 1A) . These mutations span all functional domains of the protein.
We have focused on glutamic acid to lysine mutation at position 397, which is located in the most highly conserved sequence in the intermediate filament family (the KLLEGEE motif). We used site-directed mutagenesis to introduce a G-to-A nucleotide substitution at nucleotide 3332 of human nefl gene, resulting in a glutamic acid-to-lysine substitution in the resulting protein. Four lines of mice expressing either wildtype hNF-L or hNF-L E397K were obtained. Genotyping was performed by PCR analysis of mouse genomic DNA obtained from tail biopsies (results for three of the four mouse lines are shown in Fig. 1B) . The human-specific primers failed to amplify a product from non-transgenic control mice (lane 4 in the upper panel and lanes 3 -5 in the lower panel of Fig. 1B) . Expression of either wild-type or mutant hNF-L did not affect the transcription of other endogenous mouse NF genes or of a neuronspecific isoform of tubulin (bIII-tubulin) (Fig. 1C) . Driving expression of wild-type and mutant hNF-L utilizing the endogenous hNF-L promoter resulted in low expression levels of hNF-L in both wild-type and hNF-L E397K mice (Fig. 1D) . Translation of hNF-L transgenes did not affect the translation or stability of endogenous mouse NFs or bIII-tubulin (Fig. 1D) . Moreover, the human transgenes did not result in ectopic expression of hNF-L in young (Fig. 1E) or aged (Fig. 1F) mice.
Owing to the relatively low levels of hNF-L protein, we wanted to ensure that our antibodies were indeed recognizing hNF-L and not cross-reacting with the more abundant endogenous NF-L. Therefore, we bred mice expressing wild-type and mutant hNF-L with mice in which mouse NF-L has been deleted (NF-L 2/2 ) ( Fig. 2A) . In NF-L 2/2 mice, no NF-L was detectable. However, in NF-L 2/2 ;hNF-L and NF-L 2/2 ;hNF-L E397K mice, hNF-L was detected, supporting our first results that hNF-L transgenes resulted in low levels of hNF-L expression ( Fig. 2A) . Relative optical densities were determined for each genotype (Fig. 2B) , and proteins were normalized to GAPDH. hNF-L E397K protein levels were below endogenous NF-L and hNF-L levels (Fig. 2B ).
hNF-L E397K mice develop aberrant hind limb posture and digit deformities CMT is associated with aberrant lower limb posture and deformities of feet (23) . To determine whether hNF-L E397K mice displayed phenotypes associated with CMT, hNF-L and hNF-L E397K mice were induced to spread their hind limbs and digits. When lifted by the tail, hNF-L mice spread both hind limbs and all digits of the hind limb paws (Fig. 3A) . However, hNF-L E397K mice were not able to spread their hind limbs (Fig. 3B-D) . Moreover, the lower joints appeared stiff, and the digits of the hind limb curled instead of spreading. In some hNF-L E397K mice, the phenotype in the hind limb digits appeared unilaterally, whereas other hNF-L E397K mice initially displayed a unilateral phenotype progressing to a bilateral phenotype (Fig. 3B-D) . Signs of hind limb weakness and digit abnormalities were observable as early as 4 months in hNF-L E397K mice. Despite having signs associated with hind limb weakness, hNF-L E397K mice did not show alterations in body mass, which is taken as an indication of overall muscle mass, relative to mice expressing wild-type hNF-L (Fig. 3E) .
hNF-L and hNF-L E397K mice were given free access to running wheels for 1 week. The distance run was recorded each day. hNF-L line 673 and hNF-L E397K line 730 were originally monitored. hNF-L E397K mice had reduced levels of locomotor activity relative to hNF-L controls every night (Fig. 4A) . However, these differences did not reach statistical significance with the exception of nights 3 -5. The total distance run over the course of a week was reduced in hNF-L E397K mice (Fig. 4B) . To determine whether reduced activity was limited to a single line of hNF-L E397K mice, we monitored activity for all lines of mice. Again, hNF-L E397K mice had reduced locomotor activity every night, with nights 1 and 3 -5 reaching statistical significance (Fig. 4C) . Total distance run was also significantly reduced in all lines of hNF-L E397K mice (Fig. 4D) . Lysates from various tissues were fractionated on 7.5% SDS-polyacrylamide gels from 3 -4 (E) and 14 (F) months old animals and immunoblotted with an antibody that recognizes both mouse and hNF-L (DA2). All analysis was performed on at least three hNF-L and hNF-L E397K mice.
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Ectopic phosphorylation of NFs in motor neuron cell bodies occurs early in disease.
Phenotypic analyses were used to validate hNF-L E397K as a model of CMT2E. We then proceeded to conduct a proximal-to-distal analysis of hNF-L E397K nerves to establish cellular alterations that correlate with altered behavior. Ectopic accumulations of NFs are a hallmark of neurodegenerative diseases (24, 25) . However, for diseases such as amyotrophic lateral sclerosis (ALS), NFs are at most risk factors for disease (26) . To determine whether mutations in NF-L lead to ectopic accumulation of phosphorylated NFs, NF accumulation was analyzed over a time course initiated prior to the onset of overt hind limb weakness. Motor neurons were identified with an NF-L-specific antibody (Fig. 5A1-D1 ), and ectopically phosphorylated NFs were identified with an antibody that recognizes NFs in a phospho-dependent manner (SMI-31, Fig. 5B2 -D2 ). Merged images confirm that ectopic NFs are accumulating in NF-L-positive cells within the ventral horn (A3-D3). NF accumulations were observed in 1 (Fig. 5B1 -B3 ) and 3 ( Fig. 5D1 -D3 ) month old hNF-L E397K mice. These accumulations persisted in 6-and 13-month-old hNF-L E397K mice (Supplementary Material, Fig. S1 ). Increasing the total level of NF-L in mice led to ectopic phosphorylation of NFs (Table 1) . However, the number of positive motor neuron cell bodies was increased in hNF-L E397K mice ( Table 1) . Appearance of ectopically phosphorylated NFs at 1 and 3 months precedes the onset of overt hind limb weakness in hNF-L E397K mice by at least 3 months. Relative to diseases such as ALS, the accumulations observed in hNF-L E397K mice are mild.
Reduced motor nerve conduction velocities and reduced axonal diameter in hNF-L E397K mice CMT2E patients with the hNF-L E397K variant have reduced motor nerve conduction velocities (MNCVs) in branches of the sciatic nerve (8) . Therefore, we measured MNCVs from the sciatic nerve of age-matched hNF-L control and hNF-L E397K mice ( Axonal diameter influences the rate of NCV (27, 28) . Therefore, the size of all axons within the fifth lumbar ventral and dorsal roots was determined in both hNF-L controls and hNF-L E397K mice. For ease of comparisons, age-matched hNF-L mice are referred to as 'presymptomatic' and 'symptomatic'. This is not to imply that these mice displayed a phenotype. Nerves from hNF-L and hNF-L E397K mice were analyzed prior to and after the development of overt hind limb weakness. Cross-sectional areas (Supplementary Material, Fig.  S2 ) were measured for all axons, and corresponding diameters were calculated. There was no difference in diameter distributions of large motor axons in age-matched hNF-L and hNF-L E397K mice prior to the onset of hind limb weakness (Fig. 6B) . However, the peak diameter for small motor axons was reduced by 0.5 mm in presymptomatic hNF-L E397K mice (Fig. 6B ). After onset, there was a decrease in the number of small myelinated axons between 1.5 and 2.5 mm and an increase in the number of large myelinated axons between 11 and 14 mm for both age-matched hNF-L and symptomatic hNF-L E397K mice (Fig. 6C ). The peak diameter for small myelinated fibers remains reduced by 0.5 mm in symptomatic hNF-L E397K mice (Fig. 6C) . Moreover, the peak diameter for large myelinated axons of symptomatic hNF-L E397K mice was also reduced by 0.5 mm relative to the peak diameter in age-matched hNF-L mice (Fig. 6C) . Analysis of the total population of motor axons by the Mann -Whitney U-test indicates that there is a statistically significant difference in the distribution of axonal diameters in both presymptomatic and symptomatic hNF-L E397K mice. There was no difference in the total number of axons in hNF-L and hNF-L E397K motor roots before or after the onset of symptoms (Fig. 6D) .
Expressing hNF-L E397K had no effect on the peak diameter of sensory axons in age-matched hNF-L and presymptomatic hNF-L E397K mice (Fig. 6F ). There was a decrease in the 
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Human Molecular Genetics, 2011, Vol. 20, No. 13 number of axons between 2.5 and 3.0 mm and an increase in the number of axons between 3.5 and 5.0 mm in presymptomatic hNF-L E397K mice (Fig. 6F ). After onset, there was no alteration in peak axonal diameter for either age-matched hNF-L or symptomatic hNF-L E397K mice (Fig. 6G) . However, the number of axons between 1 and 2.5 mm was decreased in both age-matched hNF-L and symptomatic hNF-L E397K mice relative to younger mice (compare Fig. 6F with G). Additionally, hNF-L E397K mice have decreased number of axons between 4 and 13 mm (Fig. 6G) . Analysis of sensory axons distributions by the Mann -Whitney U-test indicates that there is statistically significant difference in the distributions of axonal diameters in both presymptomatic and symptomatic hNF-L E397K mice. Symptomatic diameter distributions were further analyzed by two-way ANOVA with Holm -Sidak post hoc analysis. This analysis suggests that there is no difference in the number of axons between hNF-L and hNF-L E397K mice at any of the diameters. Therefore, the decrease in large sensory axons observed in symptomatic hNF-L E397K mice is not statistically significant. The total number of sensory axons is not affected prior to the onset of symptoms (Fig. 6H) . Symptomatic hNF-L E397K mice have fewer axons than age-matched hNF-L controls (Fig. 6H) . However, the difference did not reach statistical significance. Owing to the relatively mild axonal alterations, the ratio of axon diameter/fiber diameter (g-ratio) was measured in 10% of all fifth lumbar motor and sensory axons of symptomatic mice. Axons were randomly selected and localized throughout the entire root. The g-ratio in hNF-L E397K motor axons was significantly larger than age-matched hNF-L mice (Fig. 6E) . Interestingly, g-ratio for hNF-L E397K sensory axons was significantly reduced (Fig. 6I) . Although g-ratios were significantly altered in hNF-L E397K mice, all measured g-ratios were within the optimal range (0.6 -0.7) for maximizing neuronal conduction (29) . Therefore, this difference is unlikely to explain the observed decrease in MNCV in hNF-L E397K mice.
NFs appear similar in hNF-L and hNF-L E397K motor and sensory axons NF abnormalities were observed in sural nerve biopsies of hNF-L E397K patients. Some of the axons within the sural nerve had increased NF densities, with the axons appearing swollen Fig. S3 ). NF organization and number were analyzed in sensory ( Fig. 7A and B) as well as small ( Fig. 7C and D) and large ( Fig. 7E and F ) motor axons that were near the peak of the diameter distribution for each class of axons (as shown in Fig. 5 ). In sensory axons, the peak in NF nearest-neighbor distance (NND) was the same for NFs in hNF-L and hNF-L E397K axons (Fig. 7A) . However, within the range of 16-36 nm, hNF-L E397K axons contained fewer NFs, but within the range of 40-64 nm, hNF-L E397K axons contained more NFs. There was no difference in the number of NFs for sensory axons (Fig. 7B) .
NF organization was altered in small motor axons (Fig. 7C ). The peak in NND was reduced from 32 nm in hNF-L axons to 24 nm in hNF-L E397K axons. Additionally, within the range of 28-34 nm, there are fewer NFs in hNF-L E397K axons. Moreover, small motor axons in hNF-L E397K mice have fewer NFs (Fig. 7D) . However, the difference did not reach statistical significance. Within large motor axons, the peak in NND was not altered in hNF-L E397K axons (Fig. 7E) . Between 8 and 16 nm, there were fewer NFs, whereas between 28 and 40 nm, there were more NFs in hNF-L E397K axons. As with small motor axons, there were fewer NFs in hNF-L E397K axons (Fig. 7F ), but the differences were not statistically significant.
Muscle atrophy without signs of muscle denervation
The hNF-L E397K variant of CMT2E is characterized by atrophy of distal lower limb muscles, which are innervated by branches of the sciatic nerve (8) . To determine whether expressing hNF-L E397K in mice resulted in muscle atrophy, muscles of the lower hind limb were isolated, sectioned and stained with hematoxylin and eosin. The gastrocnemius muscle was analyzed prior to (1 month) and after the onset of overt hind limb weakness (4 months). Prior to the onset of hind limb weakness, hNF-L E397K muscle fibers of the gastrocnemius muscle are indistinguishable from wild-type and hNF-L controls (Fig. 8A1-A3) . However, by 6 months, hNF-L E397K gastrocnemius muscle fibers are atrophied relative to controls (Fig. 8B1 -B3 ). Muscle fibers of the anterior tibialis (TA) were analyzed in 14-month-old control and hNF-L E397K mice (Fig. 8C1 -C3 ). TA muscle fibers in hNF-L E397K mice are also atrophied (Fig. 8C3) . Additionally, hNF-L E397K muscle fibers have increased levels of inclusions within muscle fibers (arrows in Fig. 8C3 ). Means for each daily activity were analyzed for overall statistical differences by two-way repeated-measures ANOVA, followed by Holm-Sidak post hoc analysis. Means for total distance run were analyzed by unpaired t-test.
* P , 0.05, * * P , 0.02, †P , 0.008, ‡P , 0.005. For analysis of individual lines, at least six mice were analyzed per genotype. For all lines, at least 13 mice were analyzed for each genotype.
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Muscles of hNF-L P22S mice, the other model for CMT2E, show signs consistent with loss of muscle innervation (22) . We analyzed neuromuscular junctions (NMJs) of hNF-L E397K mice to determine whether NFs accumulated at the NMJ, as observed in spinal muscular atrophy (30 -32) , or whether muscle fibers showed signs of denervation ( Fig. 8D and E) . NMJs of hNF-L (Fig. 8D) mice were not qualitatively different than NMJs of hNF-L E397K mice (Fig. 8E) . None of the NMJs from hNF-L and hNF-L E397K mice had NF accumulations (data not shown). We also counted the number of NMJs that lacked an obvious axon. A total of 100 NMJs were counted for each of four hNF-L mice and four hNF-L E397K mice (Table 2) . Although there were NMJs that did not have an associated axon, the number of denervated NMJs was not different between hNF-L and hNF-L E397K mice, suggesting that denervation is not associated with hNF-L E397K pathology (Table 2) .
DISCUSSION
NF-L-linked CMT2E mutations span all functional domains of hNF-L (Fig. 1A) . A mouse model of CMT2E was recently reported expressing the hNF-L P22S (22) mutation in a highly conserved amino acid located within the N-terminal head domain of NF-L (Fig. 1A) . We have now developed and characterized a novel line of mice expressing hNF-L E397K , which is unique as this mutation occurred in the most highly conserved sequence in the intermediate filament family (KLLEGEE), and was located at the end of the rod domain in all intermediate filaments (Fig. 1A) .
Utilizing the endogenous hNF-L promoter resulted in low levels of hNF-L that did not affect the expression of endogenous cytoskeletal proteins. Moreover, hNF-L expression was limited to the nervous system in both young and aged mice. As with hNF-L P22S mice (22) , hNF-L E397K mice developed signs that were consistent with CMT disease. As early as 4 months, hNF-L E397K mice developed aberrant hind limb posture and digit deformities. Additionally, hNF-L E397K mice had reduced locomotor activity and reduced motor neuron conduction velocity (MNCV). Expressing CMT-linked NF-L mutations did not result in large accumulations of NFs within motor neuron cell bodies [ Fig. 5 and reference (22)] . Surprisingly, despite expressing mutations in highly conserved amino acids, the NF network appears largely unaffected [ Fig. 7 and reference (22) ]. In contrast to hNF-L P22S mice, hNF-L E397K muscle fibers of the hind limb displayed indices of muscle pathology such as fiber atrophy. Interestingly, despite the observed alterations in MNCV and muscles, nerves of hNF-L E397K mice were largely unaffected. The peak diameter of small motor axons was reduced prior to the onset of overt hind limb weakness (Fig. 6B ). After onset, the peak diameter for both small and large motor axons was reduced by 0.5 mm (Fig. 6C) . However, there was no significant loss of motor axons in symptomatic hNF-L E397K mice. Although sensory axons were lost in symptomatic hNF-L E397K mice, the differences did not reach statistical significance. Most of the fiber loss appears to have occurred in large sensory fibers (Fig. 6G) . However, none of the observed decreases was statistically significant. Moreover, expressing hNF-L E397k did not result in significant denervation of hind limb muscles, which is also in contrast to hNF-L P22S mice. Therefore, mechanistically it is unclear why hNF-L E397K mice displayed aberrant hind limb posture and muscle pathology. One possibility that cannot be excluded by our current analysis is that aberrant hind limb posture and muscle atrophy could result due to alteration in sensory innervation of muscles. Loss of large sensory axons is also associated with aberrant hind limb posture (33, 34) .
CMT2E is a heterogeneous disease with onset and severity differing in patients with different NF-L mutations and differing in families with the same mutation (8) . Analysis of our mouse model indicated that there were important differences in pathology between hNF-L E397K and hNF-L P22S mice. One of the most striking phenotypic differences was in muscle pathology. hNF-L E397K hind limb muscles were atrophied without significant denervation, whereas hNF-L P22S hind limb muscles were hypertrophic with significant denervation (22) . Despite these differences, hNF-L E397K mice developed phenotypes that were consistent with CMT2E patients and hNF-L P22S mice (22) , suggesting that pathogenesis of neuropathy in CMT2E may be heterogeneous. The observed differences in cellular pathology between animal models may offer insight into the heterogeneous presentation of CMT2E in patients. These differences may represent a range of possible phenotypes, depending on the severity of a common as yet unidentified pathological trigger.
Our development and characterization of a novel CMT2E animal model revealed similarities in overt phenotypes with important differences in cellular pathology when compared with a previously published mouse model. Given the number of identified NF-L mutations, development and analysis of additional novel lines of CMT2E mice are warranted. Moreover, additional lines may aid in identifying common cellular mechanisms that can be targeted for therapeutic intervention.
MATERIALS AND METHODS
Generation of hNF-L and hNF-L E397K transgenic mice
hNF-L was a generous gift from J.P. Julien. To generate the hNF-L transgenes, we used a 9.7 kb genomic fragment of hNF-L, which includes 1.7 kb of endogenous 5 ′ promoter sequence. An ApaI/HindIII fragment was digested out and subcloned into pBlusecript KS [Agilent Technologies (Stratagene), Santa Clara, CA, USA] for site-directed mutagenesis of nucleotide G3332. After confirming mutation of G3332 to A, the ApaI/ HindIII fragment was cloned back into the hNF-L genomic fragment to generate the hNF-L E397K DNA fragment. The hNF-L and hNF-L E397K DNA fragments were microinjected into pronuclei of mouse oocytes and implanted into pseudopregnant females. Founders and offspring were genotyped for the hNF-L transgenes by PCR amplification using GoTaqw (Promega, Madison, WI, USA) with the following primers:
Reverse transcriptase PCR amplification of mRNA Total RNA from spinal cord was extracted with TRIzol reagent according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). RNA extracts were treated with DNAse I (Invitrogen) to prevent genomic contamination of samples and heat-inactivated at 658C for 5 min. First-strand cDNA synthesis was performed using Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol utilizing 25 ng of total RNA. PCR amplification was performed with GoTaqw (Promega) with the following primer sets: hNF-L: There was a statistically significant difference between conduction velocities from hNF-L and hNF-L E397K mice. Statistical analysis was performed by unpaired t-test.
* P , 0.03. (B and C) Distributions of axonal diameters from all axons of the fifth lumbar motor root prior to (B) and after (C) the onset of overt hind limb weakness in age-matched hNF-L and hNF-L E397K mice. The peak diameter for small motor axons was reduced by 0.5 mm prior to the onset of overt hind limb weakness in hNF-L E397K mice (B). After onset, the peak diameter was reduced by 0.5 mm for both small and large motor axons in hNF-L E397K mice (C). Motor axon diameter distributions were analyzed for overall statistical differences utilizing the Mann-Whitney U-test. There was a significant difference in diameter distributions between hNF-L and hNF-L E397K mice for both presymptomatic (P ¼ 0.011) and symptomatic (P , 0.001) time points. (D) The total number of axons in the fifth lumbar motor root for age-matched hNF-L and hNF-L E397K mice. Total axon numbers were analyzed for statistical significance by two-way ANOVA. (E) The ratio of axon diameter/fiber diameter (g-ratio) was analyzed from 10% of all motor axons of symptomatic mice. Axons were randomly selected and localized throughout the entire motor root. g-Ratios were analyzed for statistical significance by the Mann-Whitney U-test. hNF-L E397K g-ratio was significantly larger. (F and G) Distributions of axonal diameters from all axons of the fifth lumbar sensory root prior to (F) and after (G) the onset of overt hind limb weakness in age-matched hNF-L and hNF-L E397K mice. The peak diameter was unaltered prior to or after the onset of hind limb weakness in sensory axons of hNF-L E397K mice. Sensory axon diameter distributions were analyzed for overall statistical differences utilizing the Mann-Whitney U-test. There was a significant difference in diameter distributions between hNF-L and hNF-L E397K mice for both presymptomatic (P , 0.001) and symptomatic (P , 0.001) time points. (H) The total number of axons is reduced in symptomatic hNF-L E397K mice relative to age-matched hNF-L mice. However, the difference did not reach statistical significance. Total axon numbers were analyzed for statistical significance by two-way ANOVA. (I) g-Ratios were analyzed from 10% of all sensory axons of symptomatic mice. Axons were randomly selected and localized throughout the entire motor root. g-Ratios were analyzed for statistical significance by the Mann-Whitney U-test. hNF-L E397K g-ratio was significantly smaller. MNCVs were measured in a minimum of 15 mice per genotype. Each point represents the averaged distribution of axon diameters from the entire roots of at least three mice for each group. g-Ratios were measured on at least three mice per genotype. SEM is reported for all g-ratios. However, they are too small to be seen in the figure. SEM motor: hNF-L ¼ 0.005; hNF-L E397K ¼ 0.004; SEM sensory: hNF-L and hNF-L E397K ¼ 0.002.
TGCAGGCAGTCACAATTC-3
′ . PCR conditions were as follows: 948C for 2 min; 35 cycles of 948C for 30 s, 558C for 30 s, 728C for 30 s with 0.5 mM of each primer. Two microliters of reverse transcription reaction solution was added to each PCR reaction, and reverse transcription-PCR-amplified products were electrophoresed on 1.2% agarose gels.
Western blotting
Sciatic nerve and spinal cord tissues were dissected and homogenized on ice in a buffer containing 50 mM Tris, pH 7.5, 0.5 mM EDTA, pH 8, and protease inhibitors were added according to the manufacturer's protocol (Complete Mini, Roche, Mannheim, Germany). An equal volume of a solution containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 2% sodium dodecyl sulfate (SDS) was added, and the homogenates were sonicated for 20 s, boiled for 10 min and clarified by centrifugation at 16 000g for 10 min. Protein concentration was determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Protein extracts were separated on 7.5% SDS -polyacrylamide gels and transferred onto nitrocellulose membrane or stained with Coomassie blue. The hNF-L subunit was identified with a mouse monoclonal antibody specific for human, bovine and porcine NF-L but does not react with rodent NF-L [Anti-NF-70, Chemicon (Millipore), Billerica, MA, USA]. Mouse monoclonal antibodies to NF-L (MCA-DA2, EnCor Biotechnology, Gainesville, FL, USA), NF-M (RMO44, Abcam, Cambridge, MA, USA), GAPDH (monoclonal a-GAPDH Clone GAPDH71.1, Sigma, St Louis, MO, USA) were used to identify each protein. NF-H was identified with a chicken polyclonal antibody that recognizes mammalian subunits (CPCA-NF-H, EnCor Biotechnology). Neuronspecific bIII-tubulin was identified with a rabbit monoclonal antibody (TUJI, Covance, Emeryville, CA, USA). Mouse, chicken and rabbit primary antibodies were detected with donkey anti-mouse, goat anti-chicken and donkey anti-rabbit secondary antibodies conjugated to IR-dye-700×w infrared fluorophores (Rockland, Gilbertsville, PA, USA), respectively. Immunoreactive bands were visualized by infrared detection with an Odyssey image scanner (LI-COR Biosciences, Lincoln, NE, USA).
Activity wheels
Mice of 1 -4 months of age were placed in a single activity wheel chamber system (Lafayette Instruments, Lafayette, IN, USA) for 7 days. Activity was measured by the number of revolutions an animal would run during a 24 h period. Revolutions were counted using an optical sensor that detects wheel motion and were stored on an activity wheel counter (Lafayette Instruments). Revolutions were converted into kilometers on the basis of a 5 in. diameter activity wheel. For analysis of individual lines, at least six mice were analyzed per genotype. For all lines, at least 13 mice were analyzed for each genotype. Means for each daily activity were analyzed for overall statistical differences by a repeated-measures ANOVA with Holm -Sidak post hoc analysis (SigmaPlot, Systat Software, Inc., San Jose, CA, USA). Means for total distance run were analyzed by unpaired t-test (InStat, GraphPad Software, La Jolla, CA, USA).
* P , 0.05, * * P , 0.02, †P , 0.008, ‡P , 0.005. Figure 7 . NFs of proximal sensory and small motor axons are altered in mice expressing hNF-L E397K . Axoplasmic organization was analyzed in proximal sensory and motor axons from age-matched hNF-L controls and symptomatic hNF-L E397K mice. Distributions of NND for sensory (A) as well as small (C) and large (E) motor axons from both hNF-L and hNF-L E397K mice. Peak NND was unaffected in both sensory (A) and large motor (E) axons, whereas peak NND in small (C) motor axons was reduced in hNF-L E397K axons. In sensory axons, the number of NFs was reduced between 16 and 36 nm, whereas between 40 and 64 nm NF number was increased in hNF-L E397K axons (A). However, the total number of NFs in sensory nerves was not different between control and hNF-L E397K axons (B). For small motor axons, NF number was reduced within the range of 28-34 nm in hNF-L E397K axons (C), and large motor axons had fewer NFs between 8 and 16 nm, whereas they had more NFs between 28 and 40 nm in hNF-L E397K axons (E). Both small (D) and large (F) motor axons from hNF-L E397K axons had reduced numbers of total NFs. However, these differences were not statistically significant. Total NF numbers were analyzed for statistical significance by Student's t-test (sensory axons) and Welch's t-test (small and large motor axons). NND was analyzed in at least three mice per genotype in motor axons and four mice per genotype in sensory axons.
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Nerve conduction velocity measurements
Nerve conduction velocities were measured in the sciatic nerve: interosseus muscle system of 12-month-old mice (35) . In brief, mice were anesthetized with halothane (4% in O 2 for induction, 2 -3% for maintenance), and rectal temperature was maintained at 378C by a heating lamp and thermal pad connected to a temperature regulator and the rectal thermistor probe. The sciatic nerve was stimulated with single supramaximal square wave pulses (4 -8 V and 0.05 ms duration) via fine-needle electrodes placed at the sciatic notch and Achilles tendon. Evoked electromyograms were recorded from the interosseus muscles of the ipsilateral foot via two fine-needle electrodes and displayed on a digital storage oscilloscope. The distance between the two sites of stimulation was measured using calipers, and conduction velocity was calculated as described previously (35) . Measurements were made in triplicate from a minimum of 15 animals per genotype, and the median was used as the measure of velocity. Values were compared for overall statistical significance by Student's t-test (InStat, GraphPad Software).
Tissue preparation, axon morphological analysis, immunofluorescence and muscle analysis
Mice were perfused intracardially with 4% paraformaldehyde in 0.1 M Sorenson's phosphate buffer, pH 7.2, and post-fixed overnight in the same buffer. Fifth lumbar nerve roots were dissected, treated with 2% osmium tetroxide, washed, dehydrated and embedded in Epon-Araldite resin. Thick sections (0.75 mm) for light microscopy were stained with r-phenylenediamine. Cross-sections of fifth lumbar motor and sensory axons were analyzed in at least three mice per group. Axonal diameters were measured using AxioVision Software (Zeiss International). Entire roots were imaged, imaging thresholds were selected individually and the cross-sectional area of each axon was calculated and reported as a diameter of a circle of equivalent area. Axon diameters were grouped into 0.5 mm bins. g-Ratios were estimated by measuring the axonal diameter and fiber diameter of individual axons for 10% of all axons per motor and sensory roots, using AxioVision Digital Image Processing Software (Carl Zeiss MicroImaging). Diameter distributions and g-ratios were analyzed Figure 8 . hNF-L E397K mice display progressive muscle atrophy in hind limb muscles without denervation. To determine the morphology of lower hind limb muscles, cross-sections of the gastrocnemius and TA muscles were analyzed from wild-type, hNF-L and hNF-L E397K mice. Muscles were isolated, sectioned and stained with hematoxylin and eosin. (A) Gastrocnemius muscle fibers of 1-month-old hNF-L and hNF-L E397K mice were indistinguishable from wild-type mice. Muscle was analyzed at 1 month to determine if muscle pathology was observed prior to the onset of overt phenotypes. (B) Gastrocnemius fibers of 6-month-old hNF-L E397K mice were atrophied after the onset of hind limb weakness, whereas hNF-L muscle fibers appeared similar to wild-type mice. (C) TA fibers of 14-month-old hNF-L E397K mice were atrophied relative to wild-type and hNF-L mice, suggesting that muscle alterations in the hind limb are not limited to the gastrocnemius. Additionally, the formation of clear inclusions was increased in the muscle of aged hNF-L E397K mice (arrow). Scale bar, 50 mm. (D and E) Gastrocnemius muscle sections were immunostained with antibodies recognizing NFs (a-NF-L) to identify the axon, and fluorescently conjugated a-bungarotoxin to identify the NMJ. There were no differences in the innervation of NMJs in hNF-L (D) and symptomatic hNF-L E397K (E) mice. Scale bar, 10 mm. Muscle and NMJ analysis was performed on four mice per genotype.
for overall statistical differences by the Mann -Whitney U-test (SigmaPlot, Systat Software, Inc.). Sensory axon diameter distributions were further analyzed for statistical significance by two-way ANOVA with Holm -Sidak post hoc analysis (SigmaPlot, Systat Software, Inc.).
The total number of axons was analyzed for statistical significance by two-way ANOVA (SigmaPlot, Systat Software, Inc.).
For analysis of motor neuron cell bodies, the lumbar spinal cord was removed, post-fixed overnight with 4% paraformaldehyde and washed in 20% sucrose in phosphate buffer overnight for cryoprotection. Frozen tissues were sectioned with a sliding microtome (Leica Microsystems, Wetzlar, Germany) in 20 mm sections and processed for double-immunofluorescence. Floating sections were incubated in blocking buffer [1% bovine serum albumin, 0.2% fat-free milk, 5% goat serum, 0.5% Triton X-100 in Tris buffered saline (TBS), pH 7.4], followed by antibodies that recognize NF-L (Anti-NF-L, Millipore) (1:200) and phosphorylated epitopes of NFs (SMI31, Covance) (1:1000) diluted in blocking buffer at 48C overnight. Subsequently, sections were washed and incubated with species-specific secondary antibodies that were conjugated with either Alexa Fluorw 488 or 594 (Molecular Probes, Invitrogen) (1:500) diluted in blocking buffer. Sections were mounted and analyzed on an Olympus DSU confocal microscope (Olympus, Center Valley, PA, USA).
For analysis of muscle fiber morphology, gastrocnemius muscles were isolated and fixed in formalin. Tissues were paraffin-embedded, sectioned into 25 mm thick sections for hematoxylin and eosin staining and mounted. For NMJ analysis, 25 mm thick muscle sections were incubated in blocking buffer and then stained with Alexa Fluorw 594-conjugated a-bungarotoxin (Molecular Probes, Invitrogen) diluted (1:2000) in blocking buffer. After washing with 0.1% Triton X-100 in TBS, sections were then incubated with antibodies recognizing NF-L (a-NF-L, Millipore) (1:200) diluted in blocking buffer. After washing with 0.1% Triton X-100 in TBS, sections were incubated with chicken anti-rabbit secondary antibody conjugated to Alexa Fluorw 488 (Molecular Probes, Invitrogen) (1:500) diluted in blocking buffer. Muscle sections were washed, mounted in Vectashield with DAPI (Vector Labs, Burlingame, CA, USA) and analyzed on an Olympus DSU confocal microscope (Olympus). Complete co-localization of a-bungarotoxin with phosphorylated NF markers was considered muscular innervation, and a-bungarotoxin staining alone represents a denervated junction. A total of 100 NMJs were analyzed per animal slide, with four animals analyzed per genotype.
Electron microscopy and NF nearest-neighbor analysis
For EM analysis, mice were perfused intracardially with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M Sorenson's phosphate buffer, pH 7.2, and post-fixed overnight in the same buffer. Fifth lumbar nerve roots were dissected, treated with 2% osmium tetroxide, washed, dehydrated and embedded in Epon-Araldite resin. Thin sections (60 -90 nm) were cut from prepared fifth lumbar root resin blocks with a Leica Ultracut UCT ultramicrotome, collected on grids, stained with 1% aqueous uranyl acetate for 15 min, followed by lead citrate for 2 min. Images of selected axons were collected at 80 kV with a JEOL-1400 transmission electron microscope at magnifications of ×5000, ×10 000 or ×20 000. Raw NF spacing numbers were acquired using IMOD software (University of Colorado, Boulder, CO, USA), and NF NND data were grouped into 4 nm bins using NCMIR Pointzilla (University of California, San Diego, CA, USA). NF numbers were analyzed for statistical significance using Student's t-test (sensory axons) or Welch's t-test (small and large motor axons) (InStat, GraphPad Software).
